Abstract This paper presents the molten bridge behaviors of Au-plated material at super low breaking velocity conditions by introducing our new designed test rig. The typical waveforms of the contact voltage and contact force during breaking are investigated under the load of 5-25 V/0.2-1 A and velocity of 25-150 nm/s. It is shown that the intermittent molten bridge is formed from the competition of multitude contact a-spots for current distribution and the solidliquid mixing characteristics of a molten bridge. Also, it is proved that the bridge is not composed by the completed melted metal by using FEM thermal simulation and the voltage-temperature relation. The observed surface morphology reveals that the scattered and stacked melted regions are attributed to the intermittent bridge. Finally, the effects of breaking velocity and electrical load on bridge length and duration are also analyzed.
Introduction
Low current micro-electrical contacts have a range of existing and potential applications. Often, gold is widely employed as a contact material, due to its low electrical resistivity and low sensitivity to oxidation. The contact bridge and arc discharge phenomenon inevitably occur during the breaking process of contacts. Remarkably, the molten bridge is the prelude of an electric arc and subsequently prolongs the breaking duration of contacts. The resulted contact surface adhesion and contact welding inflict severe damage to the reliability and lifetime of electrical switches.
Since the 19 th century, Utsumi reported that the molten bridge could be divided into the static bridge and the dynamic one according to the separating velocity, and the critical velocity of the bridge is found to be directly related to the load current and the properties of metal material [1] . The contact bridge is also classified into a bright bridge and a dark one, and the typical dark bridge correlates with the thermal equilibrium condition under low separate velocity [2] . Due to the fact that the breaking velocity is decreased to some extent, it is possible that the whole process of molten bridge waveforms and images can be observed explicitly. So, it is necessary to simulate bridge phenomena at low breaking velocity in order to reduce the velocity of heat flow. If we take the order of µm/s as a low velocity, then the order of nm/s used is considered as a super low velocity in this paper.
Many researchers have reported on the breaking molten bridge [3−8] . Ishida presented the formation mechanism of the dark bridge at the very slow opening speed of 30 nm/s [3] . Afterwards, Miyanaga studied the length and diameter of the molten bridge at different separating velocities, including 3.9 µm/s [4] , 60 µm/s [5] , 80 µm/s [6] , 100 µm/s [7] and 300 µm/s [8] . The effects of holder heat capacity, heating value and holder temperature on the diameter and the length of the bridge were discussed.
The dynamic behaviors of the molten bridge could be considered as the contact voltage and contact force waveforms. However, to the best of our knowledge, the physical mechanism and relative mathematical model of the molten bridge are not fully understood compared with the behaviors of the electric arc. For this purpose, we design a new test rig for in situ and real time measurement of the contact voltage and contact force of a molten bridge at super low breaking velocity. Then the intermittent molten bridge phenomenon under the load conditions of 5-25 V/0.2-1 A is studied explicitly. Assuming the bridge has a completely molten status, the possible diameter of the bridge is calculated by using FEM thermal simulation and compared with Ishida's experiment results [3] . Scanning electron microscopy (SEM) is used to characterize the extent of the meltdown surface. Finally, the effects of electrical load and breaking velocity on the bridge duration and length are also discussed explicitly.
Experimental methods
In general, the test rig allows researching the electrical contact and arc behaviors of contact materials under motion velocity from 5 nm/s to 12 mm/s. Contact voltage and contact force could be recorded explicitly during contact making and breaking. The whole test rig consists of motion structure, measurement unit, and PC software that are shown in Fig. 1 . The horizontal actuation of the moving electrode is obtained by means of a precision slider that is pushed by a piezoelectric actuator (Type: LTC2013-013). The desired displacement of the moving electrode is controlled by the motor driver with a position feedback loop, which is provided by the assembled grating ruler (Type: RGH25F-5 nm). The motor driver (Type: PMD101) receives the controlling instruction from the PC and offers closed-loop control for the Piezo motor by reading the feedback position of the grating ruler, which has a displacement resolution of 5 nm and a sampling rate of 10 Hz. By using the four-wire method, the instantaneous value of contact voltage is continuously measured. The normal contact force between two electrodes is assessed using a load cell (Type: PW4MC3), which has the measurement range of 3 N and the resolution of 0.5 mN. During the test, the contact force is acquired by a multimeter (Type: 34401 A) whose integration time is 10PLC (Power Line Cycles) and the accuracy is with the sampling rate of 2.5 Hz. The contact voltage is acquired by an acquisition board (Type: PCIE6351) whose measuring range is ±10 V with a resolution of 16-bit and a sampling rate of 1 MHz. The data of the contact voltage and contact force could be uploaded to the PC simultaneously.
The electrodes are a hemisphere-shaped rider, with a diameter of 1.5 mm, on a flat sample, both made of copper alloy and electroplated with Au (1 µm thick). The roughness of the rider and coupon is measured using a confocal optical microscope (Type: LEXT 3000) and resulting in a surface roughness below 0.8 µm. The specimen are degreased using acetone, alcohol and distilled water in an ultrasonic cleaner, they are then dried and carefully mounted in the test measurement apparatus. The experiments are carried out in air.
3 Results and discussion 3.1 Description of the intermittent molten bridge Fig. 3 shows the schematic plot of the partial separating process between points A and D. At point A, the contact force linearly decreases to 0 and the contact voltage begins to increase significantly (shown in Fig. 3(a) ). The contact voltage oscillates more greatly with the increase of the contact gap during points A and B. As seen in Fig. 3(b) , the A-B stage is the competition among a multitude of contact a-spots for current distribution. The current mainly flows through the contact a-spots with larger dimensions and further generates more joule heat to melt this local asperity. There have been considerable fluctuations in contact voltage during this stage. This process accompanies with the increase of contact resistance and contact voltage. As a result of the decrease of contact area, the current density leads to the increase of temperature of contact a-spots. When the temperature reaches up to the melting point, the contact area expands rapidly and then the molten bridge is formed from the melted asperities, which in turn leads to the abrupt decrease of contact voltage. That is the reason for the appearance of a sharp drop of contact voltage at point B (shown in Fig. 2 ). After point B, the contact voltage abruptly drops to 28 mV (point C) and then rises with a relatively stable and slow rate. Actually, the appreciable decline of contact voltage results in the decrease of joule heat production and the subsequent decrease of bridge temperature. Because the soften voltage of gold is only 80 mV, the harness of meltdown material keeps lower than the original solid. The variations of contact voltage in stage C-D correspond to the lengthening process of molten bridge (shown in Fig. 3(c) ). After point D (shown in Fig. 3(d) ), the contact voltage oscillates significantly again. The similar fluctuation of contact voltage occurs again and again accompanied with the movement of contact until it restores to open voltage 15 V (point E). Thus, the intermittent molten bridge is formed. It is noticed that the feature of contact voltage is repeatedly rising up slowly and dropping down rapidly for each fluctuation. Meanwhile, the sharp impulses of contact voltage occur frequently before it drops down dramatically. The first peak of contact voltage is about 1.5 V, which is much higher than the molten voltage of gold. The corresponding contact force shifts to the negative between points C and D. This means the two electrodes bond together to some extent. We define the time between point A and point E as the intermittent molten bridge duration. The bridge length is defined as the product of bridge duration and the velocity of the actuator.
Many researchers assume that the simplified breaking process could be divided by the following five stages: static contact, contact a-spot softening, bridge forming, bridge lengthening and bridge broken. That is also taken as the whole process of a single metal bridge of a smooth contact surface. However, the real surface waviness results in an electrical contact interface comprising a multitude of contact a-spots. During contacts separating, the number of contact a-spots reduces gradually into a single one. Based on the measured variations in contact voltage, the whole breaking process of the metal bridge consists of some intermittent individual sub-bridges. It should be noted that the intermittent molten bridge phenomena is attributed to the fierce competition among a multitude of contact a-spots for current distribution during breaking.
Estimation of the molten bridge temperature
According to the well-known voltage-temperature relation, in a monometallic contact the maximum contact temperature can be expressed as
where T m is the maximum temperature (K); U c is the contact voltage drop across the contact (V); T 0 is the bulk temperature (K); and L is the Lorenz constant (2.
is in the range of 0.028 V to 0.15 V (shown in Fig. 2) . T m could be calculated 307-566 K, which is below of the gold melting temperature of 1357 K. So, the generated joule heat is not enough to melt down the whole bridge zone. That may lead to the occurrence of a dispersive ablation trace within the contact surface.
However, the real temperature of the bridge is directly relative with the geometry shape, including diameter and length [3] . Admittedly, the geometry shape of the molten bridge could not be measured directly in this paper. In order to determine the real physical status of the molten bridge, we use Ishida's experimental results in a thermal simulation. The commercial program COMSOL Multiphysics 4.2b version is used to perform simulations by solving steady thermal field equations through the finite element method (FEM). As reported in Ref. [3] , for palladium contacts (diameter is 1 mm), the current is 2 A, the relationship between diameter and length of molten bridge is given by [3] y = 5.861 ln(x) − 4.7794, (2) in which x is bridge length (µm), and y is bridge diameter (µm). The schematic plot of the simulation model is shown in Fig. 4(a) . In this model, we assume the metal bridge and two electrodes are cylinders and the materials are set as palladium (density 12020 kg/m 3 , heat capacity 244 J/(kg·K), thermal conductivity 71.8 W/(m·K)). Point 'a' refers to the center of the bridge. The load boundary condition is that the temperature of the end faces of the electrodes is set to uniform room temperature. The mesh, presented in Fig. 4(b) and Fig. 4(c) , is graded outward from the initial point of contact, with the densest mesh in the contact region. The electrodes and bridge are meshed with fine rectangle and tetrahedron elements. The minimal size of the mesh is 1 µm. The heat production of the molten bridge is dependent on the input power, which is the product of the current and contact voltage. Apparently, the physics status and relative temperature of the bridge are mainly determined by the input power, diameter and length of bridge. Also, the bridge temperature decreases with the increase of bridge diameter at the given input power and length. That means for a given input power of bridge, if we designate 1825 K (the melting point of Pd [9] ) as the threshold temperature of point 'a', then each given length of bridge correlates with a maximum diameter. That is, the maximum diameter is designated as the threshold value for discriminating between the complete liquid bridge and the solid-liquid mixing bridge. It is observed that there is an increase in the contact voltage from 0.5 V to 0.8 V during breaking in Ref. [3] . Therefore, the maximum and minimum transient bridge power in Ishida's experiment results are 1.6 W (2 A×0.8 V) and 1.0 W (2 A×0.5 V). Combined with the heating power of 1.6 W and the bridge length of 12 µm, we iterate through a set of changes in bridge diameter to find the threshold temperature of point 'a'. Fig. 5 shows the representative temperature distribution results of electrodes and bridge, and the temperature of point 'a' is equal to the melting point of palladium and the corresponding diameter is 6.67 µm. We adopt these two boundary values (1.6 W and 1.0 W) as the input power of the bridge for thermal simulation. The free variable of bridge length is set from 5 µm to 20 µm and the calculation step is 1 µm. The relationship between the maximum diameter and the given length under two boundary input powers is calculated and shown in Fig. 6 . It is noticed that only when the bridge length is from 5 µm to 6.5 µm, are the experimental results located between line aa' and line bb'. That means that the region of the initial bridge could possibly completely meltdown in the contact gap. However, outside the range the bridge may be the mixture of the solid and liquid, because of the insufficient heat input power. Therefore, we consider the palladium molten bridge is not fully melted down at the breaking velocity of 30 nm/s too. 
Surface characterization

The influence factors of molten bridge
The whole molten bridge could be divided into numerous stages at the super low separating speed. In each stage of the breaking process, the volume of the molten bridge is simply determined by the bridge length, electrical condition and contact material, and maintains in a constant value. The molten bridge becomes increasingly thinner during separation, and keeps the contact until the surface tension of the liquid metal cannot hold the molten bridge. As seen in Fig. 8 , with the increase of the breaking velocity (25 nm/s to 150 nm/s), the length of the molten bridge keeps constant around 2.5 µm while the duration decreases from 100 s to 20 s synchronously. Fig.8 The curve of molten bridge duration and bridge length vs. breaking velocity Fig.9 The curve of bridge length vs. contact current under different conditions As mentioned above, the length of molten bridge is significantly dependent on the electrical condition, including the open-circuit voltage and load current. The distribution of the length of molten bridge vs. the load current (0.2/0.5/1 A) and open-circuit voltage (5/25 V) is shown in Fig. 9 . Obviously, the obtained average length grows correspondingly while the load current changes from 0.2 A to 1 A, and meanwhile the value also increases as the open-circuit voltage shifts from 5 V to 25 V. For the load current, it decides the energy that the molten bridge receives from the electrodes, thereby determining the volume of molten contact material in the bridge. Thus in the case of high load current, the volume of molten bridge becomes larger than the low current condition, which is able to sustain the longer length of molten bridge. At the ending phase of the molten bridge, the contact voltage sharply increases with the transition of contact resistance, and the bridge breaks finally. In the case of 25 V, the molten bridge is more likely to re-melt due to huge heat generating in the breaking compared with the case of 5 V, which accounts for the long molten bridge.
Conclusions
A series of experiments have been performed with Au-plated contacts at the breaking velocity of 25-150 nm/s under the load conditions of 5-25 V/0.2-1 A. The explicit variations in contact voltage imply the molten bridge has the particular features of intermittency and solid-liquid mixing during the breaking process. A multitude of contact a-spots compete to be the earlier molten pool till the breaking gap is achieved. With the use of accurate bridge geometry shape parameters and input power, it is demonstrated that the molten bridge is not a complete meltdown bridge too by thermal simulation analysis. The ablation traces appearing in the surface morphology are presented to interpret the forming process of an intermittent bridge. The breaking velocity almost has no influence on the bridge length but the bridge length increases substantially with the increase of load current and voltage.
